‡ Departments of Biochemistry and Pharmacology cooperativity similar to that of the first fast phase but The University of Texas has a higher Ca 2ϩ affinity and different cation specificity Southwestern Medical Center . Furthermore, Ca 2ϩ mediates Dallas, Texas 75235 distinct types of short-term synaptic plasticity (Kamiya and Zucker, 1994) and is thought to have effects on other stages of the synaptic vesicle cycle. The synaptotagmins are a large family of membrane
The finding that synaptotagmin I is a Ca 2ϩ -binding proteins consisting of at least nine genes that are exprotein suggested that it may function in a Ca 2ϩ -regupressed in brain and in other organs. Their salient fealated step of the synaptic vesicle cycle (Perin et al., tures are a single transmembrane region and two copies 1990; Brose et al., 1992) . The cation specificity of synapof a Ca 2ϩ regulatory domain called the C 2 -domain. C 2 -totagmin I and its low Ca 2ϩ affinity were consistent with domains were originally defined as sequence motifs in a role in triggering release but could not rule out other protein kinase C (Kikkawa et al., 1989) . They have been functions (Brose et al., 1992 ; Davletov and Sü dhof, identified in more than 50 proteins where they perform 1993). An important step in the functional analysis of a variety of functions (Brose et al., 1995) . In synaptotagsynaptotagmin was provided by genetic studies in mins, the C 2 -domains mediate Ca 2ϩ -dependent and Caenorhabditis elegans, Drosophila, and Aplysia (Nonet Ca 2ϩ -independent interactions with target molecules Littleton et al., 1993; DiAntonio et al., 1993 ; that may regulate membrane fusion and membrane bud- Martin et al., 1995) and by microinjection experiments ding reactions. In the present review, we first focus on in squid neurons and PC12 cells (Bommert et al., 1993 ; synaptotagmin I and summarize current ideas about its Elferink et al., 1993) . Together, these results demonrole as an essential component of the fast Ca 2ϩ -depenstrated that interference with synaptotagmin function dent machinery for neurotransmitter release. We then inhibits evoked transmitter release but can in some indiscuss the functional properties of other synaptotagstances even stimulate basal release, pointing toward mins for which there is much less information. a regulatory role in exocytosis. However, these studies also raised a number of questions. For example, in synStructure of Synaptotagmin I aptotagmin mutants in Drosophila, Ca 2ϩ -dependent Synaptotagmin I was discovered as p65 using a mononeurotransmitter release is still maintained, suggesting clonal antibody that was raised against synaptic plasma that synaptotagmin is not an obligatory Ca 2ϩ sensor for membranes but found to react with a synaptic vesicle release (DiAntonio et al., 1993) . Some combinations of protein (Matthew et al., 1981) . Purification, cloning, and mutant alleles of synaptotagmin in Drosophila lead to biochemical mapping revealed that synaptotagmin I is changes in the Ca 2ϩ dependence of neurotransmitter an intrinsic membrane protein with a domain structure release (Littleton et al., 1994) . Similar changes are also that is conserved in vertebrates and in invertebrates observed with mutations in genes that probably have (Perin et al., 1990; Perin et al., 1991a Perin et al., , 1991b . Synaptono direct function in neurotransmitter release, such as tagmin I represents a type I membrane protein with a phosphodiesterase (Zhong and Wu, 1991) , thereby comshort intravesicular amino terminus (domain I in Figure  plicating their interpretation. 1) that is N-glycosylated followed by a single transmem-A further test of the function of synaptotagmin I was brane region (domain II) that contains multiple palmitoyachieved by analysis of mice homozygous for a mutation lated cysteines (Chapman et al., 1996b) . Most of the in the synaptotagmin I gene . The cytoplasmic sequences of synaptotagmin I are acmutant mice develop normally until birth but die postnacounted for by two C 2 -domains (domains IV and VI) that tally, revealing that synaptotagmin I is essential for life. are separated from the transmembrane rgion by a highly Thus, in spite of the multiplicity of synaptotagmins and charged sequence (domain III), and are connected to of other synaptic Ca 2ϩ sensors, synaptotagmin I is not each other by a short linker (domain V). At the carboxyl redundant. Although synapses with apparently normal terminus, synaptotagmin I contains a short additional morphology form in the synaptotagmin I mutants, syndomain (VII) that is also conserved evolutionarily.
aptic transmission is severely abnormal in that the fast phase of Ca 2ϩ -dependent neurotransmitter release is Synaptotagmin I: Ca 2؉ Sensor strongly depressed (Figure 2 The domains shared by synaptotagmin I with all synaptotagmins are shown on top. Those of the double C2-domain proteins that have similar carboxy-terminal domains but no transmembrane regions (rabphilin-3, B/K protein, doc2's) are depicted on the bottom. The domains are numbered with roman numerals, and the range in the number of residues present in each domain in different proteins is shown below each domain. The positions of the transmembrane region (TMR) and the two C 2 -domains (C 2 A and C 2 B, respectively) are indicated.
synaptotagmin I knockout mice is not essential for priming. By contrast, the impairment of fast Ca 2ϩ -triggered release, the last step in exocytosis, Goda, M. Geppert, C. F. Stevens, and T. C. S., unpublished data). Thus, these mice suffer from a selective implies that synaptotagmin I functions in this step. Thus, the most likely explanation for these data is that synaploss of only one of the two components of release, the fast Ca 2ϩ -dependent exocytosis, without changes in totagmin I serves as an essential component of the Ca 2ϩ sensor for the final step in membrane fusion (Kelly, other synaptic vesicle functions.
In preparation for Ca 2ϩ -triggered exocytosis, synaptic 1995). Alternatively, it is possible that synaptotagmin I functions not as the Ca 2ϩ sensor itself but as a link vesicles must first dock at the active zone and then undergo a priming reaction. The priming of the vesicles between the Ca 2ϩ sensor and Ca 2ϩ channels (Neher and Penner, 1994) . To examine this question, it is essential to is thought to involve three membrane proteins, syntaxin, SNAP-25, and synaptobrevin/VAMP, but the molecular determine if synaptotagmin I has biochemical properties that are consistent with its being a Ca 2ϩ sensor. mechanisms underlying priming are unknown (reviewed by Martin, 1994; . After priming, vesicles appear to exist in a meta-stable partially fused state, Ca 2؉ -Dependent Properties of Synaptotagmin I The following properties of synaptotagmin I support the awaiting a Ca 2ϩ signal. It is likely that the spontaneous release of transmitters originates from the relative instaidea that it forms part of the Ca 2ϩ sensor in fast exocytosis (summarized in Table 1 ): bility of primed vesicles. Hypertonic sucrose and ␣-latrotoxin probably act on these primed vesicles (Rosen-1. Synaptotagmin I contains two C 2 -domains. Both C 2 -domains are stabilized by Ca 2ϩ , suggesting that they mund and Stevens, 1996) . The fact that the frequency of spontaneous release and the amount of release trigboth bind Ca 2ϩ (Davletov and Sü dhof, 1994) . The first C2-domain (C2A-domain) binds two Ca 2ϩ ions with intrinsic gered by hypertonic sucrose or ␣-latrotoxin are normal in the mutant mice demonstrates that synaptotagmin I affinities of ‫06ف‬ M and of ‫004-003ف‬ M, respectively The traces show evoked synaptic currents recorded from cultured hippocampal neurons. Traces in (ii) are enlarged 4-fold vertically compared with (i) in order to illustrate the slow component of release. Figure was adapted from . Abbreviations: ND, not determined.
(Shao et al., 1996; see also Figure 5 ). These affinities 4. The C2B-domain of synaptotagmin I mediates the Ca 2ϩ -dependent self-association of synaptotagmin I into correlate with the Ca 2ϩ dependence of exocytosis multimers. This reaction also has a Ca 2ϩ dependence (Heidelberger et al., 1994) . The sequence and Ca 2ϩ -‫052ف(‬ M) similar to that of intrinsic Ca 2ϩ affinity of the dependent interactions of the second C 2 -domain (C 2 B-C2A-domain and of the exocytotic Ca 2ϩ sensor (Sugita et domain) suggest that it also binds Ca 2ϩ with comparable al., 1996; Chapman et al., 1996a) . Since synaptotagmin I affinities, thereby supplying synaptotagmin I with two also forms Ca 2ϩ -independent multimers via amino-terindependent Ca 2ϩ -binding modules. minal sequences (Brose et al., 1992) , large Ca 2ϩ -depen-2. Native brain synaptotagmin I binds phospholipids dent multimeric structures could be formed during exoin a Ca 2ϩ -dependent manner (Brose et al., 1992) . Phoscytosis. pholipid binding is mediated exclusively by the C 2 A-5. Synaptotagmin I also binds in a Ca 2ϩ -dependent domain (Davletov and Sü dhof, 1993; Chapman and manner to zygin I, a neuron-specific homolog of the uncJahn, 1994). Ca 2ϩ acts cooperatively with an EC50 of 76 gene of C. elegans (Sugita et al., submitted). Similar ‫01-5ف‬ M; all negatively charged phospholipids tested to synaptotagmins, zygins are present in neuron-spebind independent of their headgroup (Davletov and cific and in ubiquitous isoforms in mammals and may . No binding of phospholipids to the C 2-represent general synaptotagmin effector molecules. domains of native synaptotagmin I is observed without Together, these studies establish that synaptotagmin Ca 2ϩ (Li et al., 1995b) . The Ca 2ϩ affinity of the C 2 A-domain I has the biochemical properties of a cooperative Ca 2ϩ for phospholipid binding is higher than its intrinsic Ca 2ϩ sensor: it is a protein composed of homomultimers, with affinity. This may result from the stabilization of the each monomer containing two independent Ca 2ϩ -bindCa 2ϩ /C 2 A-domain complex by the negatively charged ing modules, each of which again binds two Ca 2ϩ ions. phospholipid vesicles, a hypothesis that is supported
The two Ca 2ϩ -binding modules are composed of homolby the finding that the Ca 2ϩ affinity for phospholipid ogous C 2-domains but nevertheless bind distinct tarbinding increases with the percentage of negatively gets. The Ca 2ϩ affinity and cooperativity of synaptocharged phospholipids in the liposomes (X. Shao, tagmin I correlate with those of the Ca 2ϩ sensor in T. C. S., and J. R., unpublished data). Alternatively, occuexocytosis. An attractive hypothesis is that Ca 2ϩ simultapation of only one Ca 2ϩ -binding site may be sufficient neously triggers interactions of the C 2 A-domain of synfor phospholipid binding.
aptotagmin I with phospholipids and with syntaxin (both 3. Synaptotagmin I binds syntaxin, a protein with an of which are probably involved in membrane fusion), essential function in exocytosis (reviewed by Bennett and of the C 2 B-domain with itself and possibly other and Scheller, 1994) . Binding is Ca 2ϩ dependent and memolecules. According to this model, these interactions diated by the C 2 A-domain of synaptotagmin I. Half-maxicooperate to execute the final step in the fusion reaction, mal binding occurs at ‫052ف‬ M Ca 2ϩ (Li et al., 1995a;  with the fusion pore being either formed directly by poly- Kee and Scheller, 1996) , an affinity that parallels the merizing synaptotagmins or by part of an associated intrinsic Ca 2ϩ affinity of the C 2 A-domain (Shao et al., protein, such as the amino-terminal domain of synaptobrevin. 1996).
Molecules That Bind to Synaptotagmin I in a Ca
2؉ -Independent Manner In addition to its Ca 2ϩ -dependent binding activities, synaptotagmin I binds to several molecules in a Ca 2ϩ -independent manner (Table 1) . Ca 2ϩ -independent ligands include AP-2, which recruits clathrin for endocytosis to membranes (Zhang et al., 1994 ; see section on endocytosis below), neurexins, which are neuron-specific cellsurface proteins (Hata et al., 1993; Perin, 1994) , polyanions, such as polyinositolphosphates (Fukuda et al., 1994) or proteins containing polyglutamate strings (Sugita et al., submitted), and ␤-SNAP, which, like ␣-SNAP, recruits N-ethylmaleimide-sensitive factor (NSF) to membranes (Schiavo et al., 1995) .
The physiological roles of these interactions are unclear. ␣-latrotoxin induces massive neurotransmitter release and binds to neurexin I␣ with high affinity. It would be tempting to speculate that ␣-latrotoxin causes neurotransmitter release by stimulating the interaction of neurexin I␣ with synaptotagmin I. However, ␣-latrotoxin triggers transmitter release even in synaptotagmin I mutants, demonstrating that synaptotagmin I is not required for ␣-latrotoxin action . Similarly, although injections of inositolphosphates inhibit release (Llinas et al., 1994) , inositolphosphates bind to many proteins and are expected to have multiple effects. This complicates the assignment of their effects to synaptotagmins. Furthermore, the inositolphosphate that binds with highest affinity to synaptotagmins is IP6, the most acidic compound, whose cellular concentrations are relatively high and not known to be regulated, making a signaling function unlikely. Finally, only ␤-SNAP, but not ␣-SNAP, binds to synaptotagmin I, a puzzling finding since ␣-SNAP and ␤-SNAP are structurally and functionally very similar (Whiteheart et al., 1993) . Although it is more difficult to evaluate in a Ca 2ϩ -
The domain is composed of two ␤-sheets with four ␤-strands (labinding protein the functional significance of Ca 2ϩ -inde-one Ca 2ϩ -dependent and one Ca 2ϩ -independent side.
the numbers for topology A).
( Figure 3 ). Sequence alignments of C 2 -domains from C 2 -Domains as Ca 2؉ Regulatory Modules The two C 2 -domains of synaptotagmin I form the execusynaptotagmins reveal that the ␤-strands are highly conserved, suggesting that the ␤-sandwich core is similar tive center of the protein. They represent Ca 2ϩ -binding modules that fold independently and have distinct physin all C2-domains (Figure 4) . The loops have a more variable sequence and may confer binding specificities iological roles. To gain insight into how C2-domains function in synaptotagmin I and by what mechanism Ca 2ϩ to the C2-domains. Although the crystal structure did not allow the definition of the mechanism of Ca 2ϩ binding regulates their activity, a structural understanding is required.
to the C2A-domain, analysis by nuclear magnetic resonance (NMR) spectroscopy showed that it contains a The crystal structure of the C 2 A-domain from synaptotagmin I showed that it is composed of a compact novel bipartite Ca 2ϩ -binding motif ( Figure 5 ). This motif, designated the C 2 -motif, is formed by the loops at the ␤-sandwich formed by two ␤-sheets with three flexible loops on the top and the bottom (Sutton et al., 1995) .
top of the molecule (Shao et al., 1996) . Ca 2ϩ binding is mediated by five conserved aspartate residues located Each of the ␤-sheets is comprised of four ␤-strands Negatively charged residues in the same positions as the aspartate residues that bind Ca 2ϩ in the C2A-domain of synaptotagmin I are colored in red. Residues that are present in more than 50% of the sequences in both the C 2A-and C2B-domains are colored yellow, those that are present in more than 50% of only the C 2 A-domain sequences in blue, and those present in more than 50% of only the C 2 B-domain sequences in green. Residues conserved in more than 50% of the carboxyterminal sequences are shown on an orange background. The locations of the ␤-strands (Figure 2 ) are indicated by the arrows above the sequence.
in two loops (red in Figure 4) , with three of the aspartates conformational change in the top part of the C2A-domain and no conformational change in other parts of the doacting as bidentate ligands.
Surprisingly, Ca 2ϩ -binding produces only a minimal main. However, it causes a major change in the electrostatic potential of the module. How then does Ca 2ϩ trigger binding of a target to the C 2 A-domain? Analysis by NMR spectroscopy showed that syntaxin binding to the C2A-domain involves only the region of the Ca 2ϩ -binding sites (Shao et al., submitted). The Ca 2ϩ -binding sites of the C 2 A-domain are surrounded by a ring of positive charges. Mutations of these positive charges increase the Ca 2ϩ affinity of the C2A-domain but decrease its ability to bind syntaxin (Shao et al., submitted). The most plausible interpretation of these results is that the Ca 2ϩ -dependent change in electrostatic potential of the C2A-domain triggers syntaxin binding. According to this hypothesis, the C 2 A-domain acts as an electrostatic switch in which Ca 2ϩ induces a binding reaction through a change in the electrostatic potential, not through a conformational change.
The mechanism of Ca 2ϩ regulation of the C 2 A-domain is very different from that of other intracellular Ca 2ϩ regulatory domains. Ca 2ϩ -binding proteins such as calmodu- hands, each of which is formed by a contiguous se- rather than a major conformational change. Thus, as an intracellular Ca 2ϩ regulatory domain, the C2A-domain is V (Craxton and Goedert, 1995; Hudson and Birnbaum, 1995) , which we will refer to as synaptotagmin IX. not only unique in that the Ca 2ϩ -binding sites are formed by bidentate aspartate ligands on two loops that are All synaptotagmins have the same overall domain structure as synaptotagmin I (Figure 1) . However, the widely separated in the primary sequence, but also in the mechanism by which Ca 2ϩ binding regulates its reacsequences of their amino-terminal three domains (I-III) are not similar. Here, only synaptotagmins I and II are tivity. These properties may be particularly useful for physiological reactions that require fast local reactions homologous to each other, and synaptotagmins III and VI are weakly related. By contrast, the sequences of the of Ca 2ϩ in order to regulate a cellular process, such as during transmitter release.
carboxy-terminal domains (IV-VI) are highly homologous to each other in all synaptotagmins, as shown in the How generally applicable is this model of Ca 2ϩ regulation to other C2-domains? In addition to the C2A-domain alignment in Figure 4 . The differences between the sequences of the C2A-and C2B-domains are conserved of synaptotagmin I, the three-dimensional structure of only one other C2-domain, that from phospholipase between different synaptotagmins, indicating that the functional specializations between C2-domains are con-C-␦1, is known (Essen et al., 1996) . The two C2-domains contain almost identical ␤-sandwich structures, sugserved. Only one synaptotagmin was studied in the invertebrates and probably corresponds to synaptotaggesting that the overall structure of C2-domains is very similar. Interestingly, however, the topology of the min I (Perin et al., 1991a; Bommert et al., 1993; Nonet et al., 1993; Martin et al., 1995) ; however, others are ␤-strands in the two C 2 -domains differs. In the C 2 Adomain from synaptotagmin I (Figure 3) , the amino and likely to be present. Open reading frames containing an amino-terminal transmembrane region and multiple C 2 -carboxyl termini are located on the top of the module, with the carboxy-terminal ␤-strand (strand VIII) forming domains are also found in yeast (Brose et al., 1995) , suggesting that a functional equivalent of synaptotagthe right front edge of the ␤-sheet (topology A). The phospholipase C-␦1 C 2 -domain (topology B) contains a min may exist here as well. In addition to synaptotagmins, four other mammalian proteins are known that circular permutation of the ␤-strands, connecting the amino-and carboxyl termini to form a loop, and disconcontain two C2-domains followed by a carboxyl terminus homologous to that of the synaptotagmins: rabphilin-3, necting the loop formed by strands I and II so that the amino and carboxyl termini are now at the bottom of which interacts with rab3's, and three proteins of unknown function called DOC2a, DOC2b, and B/K protein the molecule. These topologies impose different geometrical constraints onto domains preceding or follow- (Figure 1 ; Shirataki et al., 1993; Orita et al., 1995; Sasakaguchi et al., 1995; Kwon et al., 1996) . These proteins are ing C 2 -domains, for example, if two C 2 -domains are present in tandem, but otherwise result in the same stable homologous to synaptotagmins (Figure 4 ) but do not contain a transmembrane region. three-dimensional structure containing variable top and bottom loops.
All synaptotagmins are highly enriched in brain. Synaptotagmins I and II, the most abundant synaptotagSequence alignments suggest that most C 2 -domains have the C 2 -motif, indicating similar Ca 2ϩ -binding propmins, are expressed in a complementary pattern: rostral brain areas primarily express synaptotagmin I and cauerties. This was confirmed in NMR experiments for the C 2 -domain of protein kinase C␤ (Shao et al., 1996) . Aldal brain areas synaptotagmin II, with some neurons containing both synaptotagmins. At least six synaptothough it is unknown if and how the C 2 -domain from phospholipase C-␦1 binds Ca 2ϩ , based on the location tagmins are widely expressed in non-neural tissues in addition to brain (III, IV, VI, VII, VIII, and IX; Li et al., 1995a ; of the aspartate residues in the top loops, it is likely that it also contains a functional C2-motif. However, some
Hudson and Birnbaum, 1995; R. Fernandez-Chacon and T. C. S., unpublished data). In situ hybridizations showed C2-domains, including those of several synaptotagmins, contain amino acid substitutions in the Ca 2ϩ -binding that some synaptotagmins (III, IV, and VII) are uniformly distributed among neurons, whereas others (I, II, and sites, which are expected to abolish Ca 2ϩ binding, particularly if they occur in the aspartate residues that coordi-VI) are differentially expressed (Ullrich et al., 1994; Ullrich and Sü dhof, 1995; Marqueze et al., 1995; Vician et al., nate two Ca 2ϩ ions (Figure 4) . Thus, most C 2 -domains probably have a similar three-dimensional structure and 1995). Synaptotagmins I, II, and III are enriched in synapses on vesicles. Synaptotagmin I is also present on bind Ca 2ϩ by similar bipartite binding sites but with dislarge dense core granules and endocrine secretory vesitinct affinities, with some C 2 -domains containing substicles (Matthew et al., 1981; Walch-Solimena et al., 1993 ; tutions in the Ca 2ϩ -binding site that abolish Ca 2ϩ binding. Jacobsson et al., 1994) . The subcellular localization of the other synaptotagmins inside and outside of brain is The Synaptotagmin Gene Family unknown. Nine synaptotagmins are currently known, making this an unusually large family of trafficking proteins ( Table  Functions of Other Synaptotagmins 2; Perin et al., 1990; Geppert et al., 1991; Wendland et Synaptotagmins I and II probably function similarly to al., 1991; Mizuta et al., 1994; Hilbush and Morgan, 1994;  primary Ca 2ϩ sensors in fast neurotransmitter release Ullrich et al., 1994; Craxton and Goedert, 1995;  Hudson because their structures and properties are so similar and Birnbaum, 1995; Li et al., 1995a) . Two different synand because they are distributed in a complementary aptotagmins were simultaneously named synaptotagpattern (Ullrich et al., 1994) . Most of the other synaptomin V. We propose to continue to call the one of Li tagmins, however, are likely to have distinct functions et al. (1995a) synaptotagmin V because it is closer to because many of these synaptotagmins (except for synaptotagmin II) are coexpressed with synaptotagmin I in synaptotagmins I and II than the other synaptotagmin Ullrich et al. (1994) , Li et al. (1995a) , Hudson and Birnbaum (1995) , and unpublished data. a Refers to the C2A-domain. See Figure 2 -dependent activities. c Ca 2ϩ -dependent phospholipid binding to synaptotagmin IV was observed in one study (Fukuda et al., 1996) in contradiction to an earlier report (Ullrich et al., 1994) . However, the Fukuda et al. (1996) study used ''liposomes'' from 100% phosphatidylserine, which are unstable, making it unclear what Ca 2ϩ -dependent process was measured. The C2A-domain in synaptotagmin IV contains an aspartate to serine substitution at a site essential for ligating two Ca 2ϩ ions (Shao et al., 1996) , making it highly unlikely that this site will bind Ca 2ϩ . Abbreviations: ND, not determined. the hippocampal neurons, which are functionally defiwith a high Ca 2ϩ affinity are expressed ubiquitously (III, IV, and VI-IX). This raises the possibility that synaptotagcient in the knockout mice and therefore cannot substitute for the loss of synaptotagmin I function. What then mins I, II, and V are specialized for synaptic vesicle exocytosis requiring high Ca 2ϩ concentrations. In conare their functions?
Comparisons of the binding properties of the C 2 Atrast, the other synaptotagmins may be involved in more general functions performed at low concentrations of domains from different synaptotagmins reveals that they are strikingly different (Li et al., 1995a (Li et al., , 1995b Hudson Ca 2ϩ , such as constitutive exocytosis or recycling of vesicles, or intracellular budding or fusion reactions. and Birnbaum, 1995; see Table I ). Some synaptotagmins (I, II, III, V, and VII) bind phospholipids as a function of
The most concrete clues for the function of a synaptotagmin besides synaptotagmins I and II exist for synapCa 2ϩ with an EC50 of ‫01-5ف‬ M, whereas others (IV, VI, VIII, and IX) do not. Those synaptotagmins that bind totagmin III. Synaptotagmin III, but not synaptotagmin I, can utilize Sr 2ϩ instead of Ca 2ϩ to support syntaxin phospholipids also exhibit Ca 2ϩ -dependent binding of syntaxin, but with distinct Ca 2ϩ dependencies: synaptobinding (Li et al., 1995b) . The slow component of neurotransmitter release that is still intact in the synaptotagtagmins I, II, and V require >200 M free Ca 2ϩ . By contrast, synaptotagmins III and VII bind syntaxin at low min I knockout mice (Miller and Heuser, 1984) . Recruitment of clathrin for endocytopholipid binding for some synaptotagmins does not necessarily mean that these do not bind Ca 2ϩ . sis is mediated by a protein complex called AP-2 that binds to sites on the inside of the plasma membrane. APIn the absence of genetic data, the functional significance of the differences in the Ca 2ϩ -dependent proper-2-binding sites are very abundant in synaptic vesicles, probably in order to allow quicker endocytosis. Analysis ties of synaptotagmins remains unclear. Nevertheless, it is striking that synaptotagmins with low Ca 2ϩ affinity (I, of the AP-2-binding sites on synaptic vesicles surprisingly revealed that they were largely comprised of syn-II, and V) are expressed almost only in brain. Conversely, synaptotagmins with no Ca 2ϩ -dependent activities or aptotagmins, raising the possibility that synaptotagmins may function in endocytosis as well as in exocytosis insight into the nature of neurotransmitter release but also of the regulation of membrane fusion in general. (Zhang et al., 1994) . The C2B-domains of all synaptotagmins tested bind AP-2 with high affinity independent Acknowledgments of Ca 2ϩ , suggesting that all synaptotagmins could be endocytotic AP-2 receptors (Li et al., 1995a) . Since sevWe wish to thank Drs. M. S. Brown, J. L. Goldstein, Y. Goda, R. eral synaptotagmin isoforms are expressed ubiquiJahn, E. Kandel, E. Liebe, and C. F. Stevens for invaluable advice tously, these could potentially serve as AP-2 receptors and discussions. The work described in this review was partially for endocytosis in all cells. Chapman, E.R., and Jahn, R. (1994) . Calcium-dependent interaction of the cytoplasmic region of synaptotagmin with membranes. J. Biol. Chem. 269, 5735-5741.
Perspectives
Although many tantalizing clues exist, it is still too early
